The results of a recent study have provided direct support for the suggestion that conditional learning in rats is best characterized by a 3-layer connectionist network (M. J. Allman, J. Ward-Robinson, & R. C. Honey, 2004) . In the 2 experiments reported here, rats were used to investigate the nature of the changes that occur when a stimulus compound is presented, whose components activate hidden units associated with food and no food, and either food or no food is presented. The results of both experiments, while controlling for the possible contribution of associations between these hidden units (within-layer links), provide evidence that the distribution of associative change between units in the hidden layer that are activated by the stimulus compound and those in the output layer (between-layer links) are unequal. They also indicate that associative change is more marked on trials on which no food was presented than on trials on which food was presented.
Connectionist architectures for conditioning phenomena in animals differ from conventional binary associative structures because a layer of hidden units intervenes between the input units activated by the patterns of stimulation presented to the animal and output units activated by the outcome that follows these patterns. Recent results from our laboratory (see, e.g., Honey & WardRobinson, 2002; Honey & Watt, 1998) have provided support for one interesting feature of some connectionist networks: namely, that patterns of stimulation (e.g., AX and BX) that are both similar (by virtue of the presence of X) and are followed by the same outcome (e.g., food) become linked to the same hidden unit (abx), whereas patterns of stimulation that are either (a) similar but followed by different outcomes or (b) dissimilar become linked to different hidden units. This feature of connectionist networks allows them to provide efficient coding schemes for patterns of stimulation-devoting common hidden units for patterns of stimulation that are similar and followed by the same outcome and different hidden units for patterns of stimulation that are either quite different or are followed by different outcomes. These coding schemes are not a feature of connectionist models that suppose that a different hidden (or configural) unit is recruited each time a different pattern of stimulation is presented (e.g., Pearce, 1994) , nor are they a feature of elemental associative theorizing (e.g., Brandon, Vogel, & Wagner, 2000; Wagner & Rescorla, 1972) . Allman, Ward-Robinson, and Honey (2004) have recently provided more direct support for networks with the features implicated by our earlier results (see, e.g., Honey & Ward-Robinson, 2002; Honey & Watt, 1998) . The experimental strategy adopted by Allman et al. (2004) was based on that used by Rescorla (2000) to assess the associative changes that occur when stimuli with different training histories are conditioned in compound. Allman et al. (2004) gave rats the conditional discrimination summarized in the left-hand side of the top panel of Table 1 in which four compounds were followed by food (AX, BX, CY, and DY) and four compounds were followed by no food (AY, BY, CX, and DX). According to the analysis outlined above, wherein the components of similar compounds that are followed by the same outcome become linked to the same hidden unit, this training should result in the following pattern of connections within the network: Input units activated by A, B, and X will become linked to hidden unit abx, that is, in turn, linked to the food outcome unit (i.e., [A, B, X] 3 abx 3 food); those for A, B, and Y become linked to aby, that is linked to the no-food outcome unit (i.e., [A, B, Y] 3 aby 3 no food); C, D, and X become linked to cdx, that is linked to the no-food unit (i.e., [C, D, X] 3 cdx 3 no food); and, C, D, and Y become linked to cdy, that is linked to the food unit (i.e., [C, D, Y] 3 cdy 3 food). The hidden units activated by the eight training compounds are indicated in the bottom panel of Table 1 . Allman et al. (2004) then gave rats presentations of AXY that were either paired with food (in Experiment 2) or no food (in Experiment 3). According to our preferred analysis, the presentation of AXY should be equally likely to activate abx and aby and whichever one of these wins the competition to be learned about will undergo associative change at the end of the trial (see Allman et al., 2004) ; that is, we assume that the links to and from a single hidden-layer unit (the winner) change on a given trial and that which unit wins reflects (a) the summed influence of the input (and outcome) units on the hidden-layer units and (b) a measure of inherent stochasticity in the process of choosing which unit is the winner among those that are active (see also Honey & WardRobinson, 2002) . For example, in Experiment 2 of Allman et al. (2004) , if the abx unit wins, then its link to the food unit will undergo little associative change because it is already linked to this unit, whereas if the aby unit wins, then it will undergo greater associative change because it is not linked to the food unit. During the critical test, rats received presentations of BCX (that should activate both abx and cdx) and BCY (that should activate both aby and cdy). Rats responded more vigorously on BCY trials than on BCX trials, and we take this observation to indicate that aby had undergone greater associative change than abx. In Experiment 3, in which AXY was paired with no food, rats again responded more vigorously on BCY trials than on BCX trials, and we take this observation to indicate that abx had undergone a greater increase in its tendency to activate the no-food unit than had aby. Allman et al. (2004) noted that within the connectionist structure that they had adopted there was an alternative analysis for their results. This analysis rather than being based on changes in the links between the hidden units and the outcome units (i.e., between-layer learning) was instead based on the modification of links between hidden units (i.e., within-layer learning). If one assumes that on AXY trials the abx and aby units become linked, then there would be different distribution of hidden units linked to food and no food on BCX and BCY test trials: The components of BCX would activate abx (which would activate aby through the within-layer link) and cdx, whereas those of BCY would activate aby (which would activate abx) and cdy. Thus, BCX would activate fewer hidden units linked to food and more hidden units linked to no food than BCY. The aim of this study was to attempt to distinguish between two kinds of connectionist accounts for the results reported by Allman et al. (2004) -that based on changes in between-layer links and that based on changes in within-layer links. More generally, we hoped to provide further information regarding the nature of the associative changes that occur within connectionist networks.
Experiments 1 and 2
The top panel of Table 1 summarizes the design of Experiments 1 and 2. The experiments were identical to one another, with the exception that in Experiment 1 and for half of the rats in Experiment 2 (those in the immediate group) the test trials were presented soon after the beginning of the test session, whereas for the remaining rats in Experiment 2 (those in the delayed group) the test trials were presented later in the session. The manipulation in Experiment 2 was intended to influence whether the representation of food would be active at the point at which the test trials were presented (cf. Honey & Ward-Robinson, 2002) . As it transpired, placement of the test trials proved inconsequential and simply allowed the reliability of the results of Experiment 1 to be established under somewhat different conditions. On each day of the first stage of training, rats received one training session in each of four contexts (A, B, C, and D: cool, spotted, object, and odor). In Contexts A and B, rats received presentations of Stimulus X (e.g., a tone) that were paired with food and presentations of Stimulus Y (e.g., a light) that were not; and in Contexts C and D, they received reinforced presentations of Y and nonreinforced presentations of X. According to our connectionist approach, compounds that are similar to one another (by virtue of the presence of X or Y) and are followed by the same outcome (e.g., food: AX and BX but not AX and CX nor AX and CY) become linked to the same hidden unit. That is, AX and BX become linked to abx, CX and DX become linked to cdx, AY and BY become linked to aby, and CY and DY become linked to cdy (see bottom panel of Table 1 ). During the revaluation stage, rats were placed in Context A where they received simultaneous presentations of X and Y that were followed by food (i.e., AXY 3 food trials) and were placed in Context D where they also received simultaneous presentations of X and Y, but these presentations were not followed by food (i.e., DXY 3 no-food trials). According to the connectionist account, during the revaluation procedure, presentations of AXY should activate abx and aby, and presentations of DXY should activate cdx and cdy. During the test, rats were placed in a hybrid context (BC) and received separate presentations of X and Y (i.e., BCX and BCY trials). If it is supposed that the revaluation trials result in the formation of within-layer links (abx-aby and cdx-cdy), then there is no reason to anticipate any differences in responding during the BCX and BCY test trials: The components of BCX will activate abx 3 food and aby 3 no food abx and aby 3 food abx 3 food and aby 3 no food abx and cdx vs. aby and cdy cdx 3 no food and cdy 3 food cdx 3 no food and cdy 3 food cdx and cdy 3 no food Note: In the top panel, A, B, C, and D denote contexts (e.g., cool, spotted, object, and odor), X and Y denote an auditory and visual stimulus (tone and light), and food and no food indicate trials on which the outcomes were food and no food. In the bottom panel, abx, aby, cdx, and cdy denote hidden units that are presumed to be activated by the components of the compounds shown in corresponding positions in the top panel.
abx and cdx via the input-to-hidden-layer links, and these hidden units will, in turn, activate aby and cdy, respectively; similarly, the components of BCY will activate aby and cdy via the input-tohidden-layer links, and these hidden units will then activate abx and cdx, respectively. Thus, both test compounds will directly activate one hidden unit associated with food and one associated with no food, and these units will, in turn, activate one hidden unit associated with no food and one associated with food, respectively. Thus, there should be no difference in responding on BCX and BCY trials. Our preferred interpretation of our previous results is not, however, constrained to predict that BCX and BCY will evoke similar levels of responding. We suppose that when the revaluation compounds (AXY or DXY) are presented, only one of the hidden units (i.e., abx or aby and cdx or cdy, respectively) will become active, and the change in the link between this unit and the output unit activated (food and no food, respectively) will be greater for the unit that is not already linked to that output unit (i.e., aby and cdx, respectively). That is, our analysis of the fact that the hidden units activated by a compound undergo unequal changes in associative strength relies on the winner-takes-all feature of the connectionist model. Although this feature of the model receives empirical support from results reported by Honey and Ward-Robinson (2002) , without additional assumptions it provides no obvious grounds for predicting that BCX and BCY will elicit different levels of responding. Both of the hidden units activated on BCY trials (aby and cdy) will have undergone greater associative change than those activated on BCX trials (abx and cdx), but these (greater) changes will have opposing influences on behavior. This prediction is based on the assumption that the presentations of food and no food on revaluation trials are equally capable of generating changes in associative strength, but once this assumption is violated, then BCX and BCY will generate different levels of responding. On the one hand, if the increase in the strength of the aby 3 food link caused by the presentation of food (on AXY trials) was greater than the increase in the cdy 3 no-food link caused by the presentation of no food (on DXY trials), then responding should be greater on BCY trials (when aby and cdy can become active) than on BCX trials (when abx and cdx become active). On the other hand, if the increase in the strength of the cdy 3 no-food link resulting from the presentation of no food (on DXY trials) was greater than the increase in the strength of the aby 3 food link resulting from the presentation of food (on AXY trials), then responding should be less vigorous on BCY trials (when aby and cdy can become active) than on BCX trials (when abx and cdx become active).
Method
Subjects. Charles River Laboratories (Kent, United Kingdom) supplied the 32 naive male Lister Hooded rats (Rattus norvegicus) used in Experiments 1 and 2. The rats were maintained at 80% of their ad-lib weight (Experiment 1: n ϭ 16, M ϭ 329 g, range ϭ 303-345 g; Experiment 2: n ϭ 16, M ϭ 381 g, range ϭ 331-421 g) by being given a restricted amount of food (supplied by Harlan Tekland, Bicester, Oxfordshire, United Kingdom) on each day. The rats had unrestricted access to water when they were in their home cages and were housed in pairs in a colony room illuminated between the hours of 8 a.m. and 10 p.m. Testing began at approximately 10 a.m.
Apparatus. Four operant chambers (Test Chamber CI-410; Campden Instruments, Loughborough, United Kingdom) arranged in a 2 ϫ 2 array were used. Each chamber (24.5 cm wide ϫ 23.0 cm deep ϫ 21.0 cm high) was positioned within a sound-attenuating shell and each had three aluminum walls and an aluminum ceiling. The front wall was constructed from transparent plastic and served as the door to the chamber. There was a food well (measuring 6 cm high, 5 cm wide, and 4 cm deep) in the left-hand aluminum wall into which 45-mg food pellets (supplied by P. J. Noyes, Lancaster, NH) could be delivered. A transparent plastic flap that was hinged along its uppermost edge guarded access to this food well. A 2-mm inward movement of this flap actuated a microswitch, and each closing of this switch was automatically recorded as a single food well entry. A 3-W lightbulb positioned in the center of the ceiling panel of each chamber provided local illumination. The experimental room in which the chambers were housed was otherwise in darkness. These standard chambers were modified in the way described by Allman et al. (2004;  Replication 2, Experiment 3) to create four contexts (A-D): The standard grid floor had been replaced with a cooled aluminum floor (lower left chamber), spotted wallpaper was added to the walls and ceiling (upper right chamber), an upturned square clear glass slide bath (used in histology) was placed on the floor in the far right-hand corner of the chamber (lower right chamber), and an odor cube was attached to the center of the inside face of the door (upper left chamber). Throughout all experimental sessions, the doors to the sound-and light-attenuating shells that contained the chambers were closed. The stimuli (X and Y) were a 2-kHz tone (approximately 78 dB) and a 3-W light. The tone was presented through a loudspeaker that was located within the ceiling of each chamber, and the light consisted of the operation of two 3-W lightbulbs that were positioned on either side of the food well (15.0 cm above the floor and 12.5 cm apart, center to center).
Conditional discrimination training. On Days 1 and 2, rats received 20-min magazine training sessions in standard chambers. In both sessions, 20 food pellets were delivered on a variable time 60-s schedule. In the first session, the door to the food well was taped open, allowing the rat unhindered access to the pellets, and on the second session, the door was not taped open and the rat was required to move the flap in order to gain access to pellets. On each of the next 8 days of training, all rats received four training sessions, one in each of the four contexts (A, B, C, and D). In Contexts A and B, 10-s presentations of Stimulus X (e.g., a tone) were followed by the delivery of two food pellets, and those of Stimulus Y (e.g., a light) were not; and in Contexts C and D, 10-s presentations of Y were reinforced, and those of X were not (see Table 1 ). The intertrial interval (ITI) was 30 s. The contexts that served as A, B, C, and D were counterbalanced in the following way. For all rats, the hybrid test context (BC) consisted of combining components of the spotted and cool contexts. For half of the rats, Context B was cool and Context C was spotted, and for the remaining rats this arrangement was reversed. For half of the rats in each of these two subgroups, Context A was the odor and Context D was the object, and for the remainder this arrangement was reversed. The sequence in which a given rat was placed in Contexts A, B, C, and D changed across days: For both 4-day blocks of training, a given context was presented in each of the four positions within the sequence (i.e., first, second, third, and fourth), and within this set of sequences being placed in one context (e.g., A) was equally likely to be immediately preceded or succeeded by placement in each of the other contexts (B, C, and D). We used a discrimination ratio to assess acquisition of the discrimination; this ratio was calculated in the following way: rate of food well entries (in responses per min [rpm]) during reinforced trials divided by the rate of responding during both reinforced and nonreinforced trials.
Revaluation and test trials. Rats received 3 days of revaluation training. On each day, they received two pairs of sessions that were separated by approximately 2 hr. During each pair of sessions, rats were placed in Context A (e.g., the chamber containing an odor cube) and Context D (e.g., the chamber containing an object). In Context A, rats were given 20 simultaneous presentations of X and Y that were followed by the delivery of two food pellets (i.e., 20 AXY 3 food trials), and in Context D, rats received 20 presentations of the XY compound followed by no food (i.e., 20 DXY 3 no-food trials). The interval between placement in Contexts A and D was approximately 10 s, the duration of each compound was 10 s, and the ITI was again 30 s. For half of the rats, the sequence in which the rats received the two contexts in the morning-afternoon across the 3 days was AD-DA, DA-AD, AD-DA, and for the remaining rats the sequence was DA-AD, AD-DA, DA-AD. On the test day, rats were placed in a hybrid test chamber that combined elements of Contexts B and C (i.e., a chamber with a cool floor and spotted decoration) and received three 20-s presentations of X and Y (i.e., they received BCX and BCY test trials). The sequence in which these trials were presented was XYYXYX for half of the rats and YXXYXY for the remainder, and the ITI was 30 s. For all rats in Experiment 1 and for half of the rats in Experiment 2 (those in the immediate group), the first test trials occurred 30 s after rats were placed in Context BC; for the remaining rats, there was a delay of 5 min before the first test trial. The rate of food well entries (in rpm) was used to assess performance on BCX and BCY trials.
Results
Conditional discrimination training. Acquisition of the discrimination proceeded uneventfully in both Experiments 1 and 2. In Experiment 1, there was a marked and significant increase in discrimination ratios from the first day (M ϭ .50) to the final day of training (M ϭ .68), F(1, 15) ϭ 58.92, p Ͻ .001, and on this day there was a substantial and significant difference in the rate of responding on reinforced (M ϭ 15.49 rpm) and nonreinforced (M ϭ 7.34 rpm) trials, F(1, 15) ϭ 26.46, p Ͻ .001. In Experiment 2, the pattern of results was quite similar. Thus, there was a marked and significant increase in discrimination ratios from the first day (immediate group: M ϭ .47; delayed group: M ϭ .48) to the final day of training (immediate group: M ϭ .66; delayed group: M ϭ .67), and an analysis of variance (ANOVA) revealed that there was an effect of day, F(1, 14) ϭ 19.96, p Ͻ .001, but no effect of group and no interaction between these factors (Fs Ͻ 1). An ANOVA revealed that on the final day the rate of responding on reinforced trials (immediate group: M ϭ 16.61 rpm; delayed group: M ϭ 19.26 rpm) differed from the rate of responding on nonreinforced trials (immediate group: M ϭ 8.34 rpm; delayed group: M ϭ 8.81 rpm), F(1, 14) ϭ 21.61, p Ͻ .001, but there was no effect of group and no interaction between these factors (Fs Ͻ 1).
Revaluation. In Experiment 1, over the six successive revaluation sessions, the mean rates of responding on reinforced AXY trials (17.78, 15.51, 15.99, 17.19, 17.46, 19.96) were consistently greater than on nonreinforced DXY trials (11.66, 7.82, 6.17, 5.96, 5.87, 6.11) , and this difference tended to increase across sessions. An ANOVA revealed a significant effect of trial type, F(1, 15) ϭ 80.78, p Ͻ .001, an effect of session, F(5, 75) ϭ 5.07, p Ͻ .001, and an interaction between these factors, F(5, 75) ϭ 4.00, p Ͻ .005. Analysis of simple main effects revealed an effect of stimulus during each session, smallest F(1, 15) ϭ 10.40, p Ͻ .01, during the first session; no effect of session on the AXY trials, F(5, 75) ϭ 1.74, p Ͼ .13; but an effect of session on the DXY trials, F(5, 75) ϭ 6.59, p Ͻ .001. The behavior of rats during revaluation in Experiment 2 was similar to that shown by rats in Experiment 1. The mean rates of responding on AXY trials (immediate group: 19.65, 23.78, 26.48, 22.99, 30.23, 28.01; delayed group: 21.64, 21.60, 22.31, 21.68, 23.93, 24.53) were consistently greater than during nonreinforced DXY trials (immediate group: 7.73, 10.43, 5.74, 10.09, 3.15, 2.81; delayed group: 8.06, 11.40, 8.81, 9.79, 3.60, 7.24 ). An ANOVA confirmed that there was an effect of trial type, F(1, 14) ϭ 12.58, p Ͻ .01, no effect of either session or group (Fs Ͻ 1), and an interaction between trial type and session, F(5, 70) ϭ 4.05, p Ͻ .01. Analysis of simple main effects revealed an effect of stimulus during each session apart from Session 4, smallest F(1, 14) ϭ 10.03, p Ͻ .01, during the third session; no effect of session on the AXY trials, F(5, 70) ϭ 1.82, p Ͼ .11; but an effect of session on the DXY trials, F(5, 75) ϭ 3.85, p Ͻ .005. There was no interaction between trial type and group and no interaction between the three factors (Fs Ͻ 1).
Test. Figure 1 depicts the results from the test in Experiments 1 and 2. Inspection of the left-hand panel reveals that rats consistently responded at a higher rate during BCX trials than during BCY trials. An ANOVA confirmed that there was an effect of trial type, F(1, 15) ϭ 6.69, p Ͻ .05, no effect of trial, and no interaction between these factors (Fs Ͻ 1). Inspection of the center and right-hand panels of Figure 1 indicates that the results of Experiment 1 are replicable: Rats in Experiment 2 again responded more vigorously on BCX than on BCY trials. It is also clear that presenting the test trials 5 min after the rats had been placed in Context BC (for the delayed group) had little effect on the pattern of results save to increase the level of responding (note the fact that the scale in the right-hand panel of Figure 1 differs from that in the other panels). This increase in the rate of food well responses might merely reflect the decline across the session in some other competing response (e.g., exploration of the chamber). An ANOVA revealed an effect of trial type, F(1, 14) ϭ 5.66, p Ͻ .05, an effect of group, F(1, 14) ϭ 6.76, p Ͻ .05, no effect of trial, F(2, 28) ϭ 2.86, p Ͼ .05, and no pairwise or three-way interactions between these factors, largest F(2, 28) ϭ 1.50, p ϭ .20.
General Discussion
We investigated the nature of the associative changes that occur within a connectionist network. Rats first received training that results in the following pattern of links among input units, hidden units, and outcome units within our connectionist network: (A, B, X) 3 abx 3 food; (A, B, Y) 3 aby 3 no food; (C, D, X) 3 cdx3 no food; and (C, D, Y) 3 cdy 3 food. Following this training, rats received presentations of two compounds, one of which was paired with food (AXY) and the other was paired with no food (DXY). The components of AXY should activate one hidden unit that is linked to food (abx) and another linked to no food (axy) by virtue of the fact that two of the components of AXY are linked to each of these hidden units. Similarly, the components of DXY should activate one hidden unit that is linked to food (cdy) and another linked to no food (cdx). Finally, rats received two test compounds (BCX and BCY) that should, on the basis of the first stage of training, activate either abx and cdx (on BCX trials) or aby and cdy (on BCY trials). If the revaluation stage was without consequence, then there should be equivalent levels of responding during BCX and BCY trials because both compounds activate one hidden unit that is linked to the food outcome unit and one that is linked to the no-food outcome unit. Moreover, if the revaluation trials produced equivalent increases in the tendency of the units activated on reinforced trials (abx and aby) to activate the food outcome unit, or equivalent increases in the tendency of the units activated on nonreinforced trials (cdx and cdy) to activate the no-food outcome unit, then there is no reason to expect a difference in test performance on BCX and BCY trials (cf. Rescorla, 2000) . Again, if the revaluation procedure simply served to allow links to form between abx and aby on AXY trials and cdx and cdy on DXY trials, then there is no reason to anticipate that the presentation of BCX will elicit different levels of responding to BCY: Both compounds will be capable of equivalently activating hidden units associated with food and no food.
1 However, contrary to these analyses, BCY elicited less responding than BCX in both Experiments 1 and 2. This finding can be predicted by our preferred connectionist analysis given the simple assumption that the increase in the strength of the cdy 3 no-food link (on DXY 3 no-food trials) was greater than the increase in the strength of the aby 3 food link (on AXY 3 food trials); under such conditions, responding should be less vigorous on BCY trials (when aby and cdy can become active) than on BCX trials (when abx and cdx can become active). This assumption is consistent with an additional observation from Experiments 1 and 2: namely, there was a greater change in responding on nonreinforced DXY trials than on reinforced AXY trials. The results of Experiments 1 and 2 thereby provide further information about the operation of this connectionist network under consideration (see also Allman et al., 2004; Honey & Ward-Robinson, 2002) and reinforce the general view that such networks provide a more adequate account of the associative structures that underlie (conditional) learning than either more traditional binary associative structures or simple configural analyses.
1 It is possible that the formation of an abx-aby link was disrupted by the presentation of food (on AXY trials) to a greater extent than the formation of a cdx-cdy link was disrupted by the presentation of no food (on DXY trials; see Holland, 1980) . This state of affairs will mean that cdy will become strongly activated (by cdx) and aby will be weakly activated (by abx) on BCX trials and that cdx will be more strongly activated (by cdy) than will abx (by aby) on BCY trials. That is, BCX will strongly activate two units that are linked to food (abx and cdy) and one unit associated with no food (cdx), whereas BCY will strongly activate only one unit linked to food (cdy) and two units associated with no food (aby and cdx). However, this analysis predicts that the differences in responding on BCX and BCY trials in Experiments 1 and 2 should have been less marked than those observed by Allman et al. (2004) : The pattern of test results in Experiments 1 and 2 reflects only a difference in the disruptive influence of the presentation of food and no food on within-layer learning during AXY and DXY trials, whereas that reported by Allman et al. (2004) reflects the presence of an abx-aby link (formed on AXY trials) versus the absence of a cdx-cdy link (DXY was not presented). However, the differences in responding on BCX and BCY trials in Experiments 1 and 2 are, if anything, more marked than those reported in Allman et al. (2004) .
